Background: The consumption of edible frogs caught mainly from the wild is on the rise and their population declining. A challenge to frog farming is the acceptability of artificial diets by frogs. Three artificial diets for the culture of a tropical edible frog Hoplobatrachus occipitalis from tadpole stage to full metamorphosis were evaluated. One hundred eighty Hoplobatrachus occipitalis tadpoles (average length and weight of 5.8 cm ± 0.1 and 1.90+ g ± 0. 1) were distributed into three experimental tanks with 60-L water capacity each, renewed through a flow-through system. The tadpoles were fed twice daily at 10% of body mass for 112 days with duckweed, pawpaw leaf, and Coppens fish feed. Water quality parameters and proximate composition of the feeds were determined. Results: Tadpoles fed with duckweed produced the highest percentage weight gained, specific growth rate, feed intake, and efficient food conversion, with mortality of 10%, survival of 90%, and metamorphosis rate of 100%. This was followed by tadpoles fed with pawpaw leaf and those fed with fish feed. Mortality in these two groups was 15%, survival 85%, and metamorphosis rate 98%. Water quality in the tanks was within the ranges optimal for the growth and survival of the tadpoles. The highest growth percentage recorded in tadpoles fed duckweed was due to the high percentage of crude protein in the feed, which was highly digestible and absorbable by the tadpoles. The duckweed suits the herbivorous feeding of the tadpoles which converted the feed to high biomass. A similar trend was observed for pawpaw leaf, and its growth performance as compared to duckweed was due to its low protein content. The lowest growth performance showed in tadpoles fed with Coppens feed in spite of its very high crude protein was due to the lower intake of the feed resulting in high FCR, ineffective absorbance, and utilization of the protein in the feed on the account of herbivorous feeding of the tadpoles. Size, pellet form, floating time, and odor of the feed were other factors responsible for the lower growth performance. Conclusion: Duckweed is a good artificial diet for the breeding of Hoplobatrachus occipitalis due to its high protein content and acceptability by the species.
Background
The acceptance and consumption of edible frogs in sub-Saharan Africa is on the increase due to the increasing cost of traditional sources of animal protein such as beef, chicken, and fish. Most of these edible frogs are caught from the wild, and the overexploitation of the frogs along with habitat loss and degradation are among the greatest factors contributing to the declining population of these frogs. In order to save the species from further decline and total disappearance from water bodies and ensure the species ethical and economic values are preserved, captive breeding of edible frogs should be done. But, the aquaculture of the species is not as established as that of fish in many countries of sub-Saharan Africa.
In the nearest time, edible frog culture/farming will be a promising and profitable venture like fish farming and could overtake fish culture as a sustainable aquaculture species. This is due to the increasing demand of frog as an alternative source of animal protein, as well as its competitive edge in terms of production, affordability, and nutritive value as comparable to fish, beef, and chicken. Frog culture will also help in conserving the species as well as providing employment and income to people.
One of the challenges to successful breeding of frogs under artificial conditions in ponds or other aquacultureholding facilities is the use, affordability, and acceptability of artificial diets from tadpole stage to adult life. According to Helfrich, Neves, and Parkhurst (2001) and Alvarez and Nicieza (2002) , the rate of growth of frog tadpole in the wild or in culture depends largely among other things on adequate and appropriate food. Apart from the food being adequate, it should also be acceptable and affordable with good feed conversion ratio to the frogs in both cultures at tadpole and adult stages with the tadpole stage being the critical stage for survival during metamorphosis.
Research on edible frog nutritional requirements is limited which poses a lot of challenges in improving the culture of these frogs from dietary perspective (Toledo, Suazo, & Viana, 2014) . The use of formulated diets is important to support the continuous and specific nutritional requirements of frogs (Tacon, 1990) , while the provision of fresh natural diets could greatly help in the culture of frogs from tadpole stages.
The objectives of this study were to evaluate three artificial diets for the culture of tropical edible frog Hoplobatrachus occipitalis (Günther, 1858) from tadpole stage to full metamorphosis and compare the growth rate and metamorphosis of the tadpoles fed with the diets. This is with a view of adopting the best diet which is affordable and acceptable for the culture of the species for consumption, economic values, and subsequent release back to the wild for conservation.
Methods

Experimental design
One hundred eighty Hoplobatrachus occipitalis tadpoles with average length and weight of 5.8 cm ± 0.1 and 1.90 g ±0.1, respectively, were obtained from a local fish farm pond in Ilorin, Nigeria, during their breeding season. The tadpoles were transported in three open tanks, each containing 60 tadpoles that were filled with 60 L of well-oxygenated water of the pond early in the morning at a temperature of 21°C to the Laboratory of the Department of Zoology, University of Ilorin, Ilorin, Nigeria. The frogs were acclimatized for 1 week before the commencement of the experiment.
In the laboratory, the tadpoles were distributed into three experimental tanks measuring 1 × 1 × 0.2 m (length, width, and depth). Each tank contained 20 tadpoles with 60-L water capacity, well aerated, with water supply from borehole (ground water) and constantly renewed through a flow-through system. The tanks were covered with nets to prevent their escape and predation by birds during the rearing period.
Experimental diets and feeding management
Twenty-four hours to the commencement of the feeding trials, the tadpoles were starved to empty the gut. The tadpoles were fed with fresh duckweed (Lemma paucicostata) in tank 1, while in tank 2 and tank 3, they were fed with fresh chopped pawpaw leaf (Carica papaya) and 0.8-mm Coppens fish feed, respectively. The reasons for choosing these feeds were due to being the natural food of tadpoles, their availability locally, and being a cheap source of supplementary feed in aquaculture.
The proximate compositions of the feeds such as crude protein, crude fiber, total ash moisture, and nitrogen-free extract (NFE) were determined according to Association of Official Analytical Chemists (AOAC, 2010) in triplicates. The tadpoles were fed twice daily (8.00 a.m. and 6.00 p.m.) at 10% of their biomass for 16 weeks (112 days). The frogs were fed to about 95% satiation and cleaned daily which ensured that no residual of the feed were left in the tanks after feeding. Each of the tanks had three replicates. Water quality parameters such as dissolved oxygen, pH, temperature, ammonia, conductivity, and total dissolved solids (TDS) were measured in the tanks using Hanna Multiparameter Bench Photometer for Laboratories Model HI 83200-02 and Hanna Portable pH/EC/TDS/Temp combined waterproof tester. Triplicate water samples of the tanks were obtained and measured for all the chemical parameters, while pH and temperature, electrical conductivity, and total dissolved solids measurements were also measured in triplicates in situ.
Data collection
Five tadpoles were randomly selected from each tank weekly for the measurement of body weight using a digital electronic weighing balance model FXi-WP. Survival and mortality of the tadpoles in the tanks were determined daily by counting the numbers of the live and dead tadpoles in the tanks.
The final body weight, survival, and mortality data were used to calculate the weight gained (WG), weight gain percentage (WG%), specific growth rate (SGR), feed conversion ratio (FCR), survival/mortality rates and percentages, and the condition factor of the tadpoles in culture according to the following equations:
Protein efficiency ratio PER ð Þ ¼WG g ð Þ=PI g ð Þ; The rate of metamorphosis in the tadpoles was observed daily and deemed completed when the tadpoles in the tanks have their gills and tail disappear, mouth widen, and eyes bulge, while their lungs, fore limbs, and hind limbs have developed and the skin becomes smooth and porous.
Statistical analysis
Data were expressed as means and standard deviation (± SD). One-way ANOVA combined with least significant difference (LSD) and Duncan's multiple comparison tests were used to test significant differences between each treatment at P < 0.05. Statistical Package for the Social Sciences (SPSS v.16) was used for the statistical analysis.
Results
Proximate composition of the feeds
The proximate composition of the feeds is presented in Table 1 . Coppens fish feed showed the highest amount of crude protein (42%), followed by duckweed (40.2%), while pawpaw leaf had the lowest (32%) among the three feeds used. Coppens also showed the highest composition of lipids among the three feeds. Significant difference (P < 0.05) was observed in the crude protein composition, crude lipids, total ash, and nitrogen-free extract (NFE) among the feeds.
Growth and metamorphosis rate, performance, and feed utilization parameters
The growth rate of the tadpoles cultured using three different artificial diets is presented in Fig. 1 . The tadpoles fed with duckweed showed the highest growth rate, followed by those fed with pawpaw leaf, while tadpoles fed with Coppens fish feed showed the least growth rate after 16 weeks of feeding. Table 2 shows the growth performance, feed utilization parameters, survival, mortality, and rate of metamorphosis of the tadpoles fed the three different feed types. Tadpoles fed with duckweed produced the highest final mean weight, mean weight gained, and percentage weight gained of 17.20 ± 0.5 g, 15.30 ± 0.4 g, and 805. 26 ± 0.8%, respectively. Similarly, tadpoles fed with duckweed showed the highest specific growth rate of 0.86 ± 0.01, feed intake of 21.28 ± 0.12 g, and protein efficiency ratio of 1.78 ± 0.02 g. The food conversion ratio in these tadpoles was 1.38 ± 0.02 g, while mortality recorded in the tank was 2 (10%), survival was 18 (90%), and rate of metamorphosis was 100%. Following tadpoles fed with duckweed, in terms of growth performance, feed utilization parameters, survival, mortality, and rate of metamorphosis were tadpoles fed with pawpaw leaf which showed a final mean weight, mean weight gained, and percentage weight gained of 16.60 ± 0.5 g, 14.70 ± 0.4 g, and 773. 68 ± 0.8%, respectively. The specific growth rate in this group was 0.84 ± 0.01, feed intake 20.62 ± 0.12 g, and protein efficiency ratio 1.76 ± 0.02 g, while the food conversion ratio was 1.40 ± 0.02 g. The mortality recorded in the tank was 3 (15%), survival 17 (85%), and rate of metamorphosis was 98% with only one tadpole not fully metamorphosed at the end of the 16 weeks feeding trial. Among the three treatments, tadpoles fed with Coppens fish feed produced the lowest final mean weight, mean weight gained, and percentage weight gained of 15.50 ± 0.5 g, 13.60 ± 0.4 g, and 715. 79 ± 0.8%, respectively. The specific growth rate of the tadpoles in this group was 0.81 ± 0.01, feed intake of 19.46 ± 0.12 g, and protein efficiency ratio of 1.67 ± 0.02 g, food conversion ratio 1.42 ± 0.02 g, while mortality recorded in the tank was 3 (15%), survival 17 (85%), and rate of metamorphosis was 98% with only one tadpole not fully metamorphosed at the end of the 16-week feeding trial.
There were significant differences in final mean weight, mean weight gained, percentage weight gained, specific growth rate, feed intake, FCR, and PER among the three feed types. No significant differences (P > 0.05) were found in the mortality, mortality percentage, survival, survival percentage, and metamorphosis rate among the tadpoles in the three tanks.
Water quality
The range of water quality parameters in the three tanks is presented in Tables 3, 4 , and 5, while the overall mean values of water quality parameters in the three tanks are shown in Table 6 . The mean weekly results of the water quality variables in each tank are presented in Tables 1, 2 , and 3. The overall mean of all the water quality parameters for the culture of tropical edible frog (Rana esculenta) from tadpole stage to full metamorphosis is shown in Table 4 .
Temperature in the tanks ranged between 24.1 and 27.2°C with the lowest and highest recorded in weeks 1 and 16 respectively. There were no significant differences (P > 0.05) in temperature variations among the three tanks; however, there were significant differences (P < 0.05) in the temporal variations in the tanks. The Table 3 Mean weekly variations in water quality parameters in tank 1 (duckweed) Table 4 Mean weekly variations in water quality parameters in tank 2 (pawpaw leaf) overall mean of temperature measurements in the three tanks was 26.05°C. pH variations were from the lowest of 6.8 recorded in the first week in all the tanks to the highest of 7.2 recorded in week 16 in all the tanks. There was no significant difference (P > 0.05) in the spatial and temporal variations in the pH in the tanks. The overall mean pH recorded in the tanks was 6.99.
Electrical conductivity (EC) varied between a minimum of 240 μS/cm recorded in week 1 in all the tanks and a maximum of 280 μS/cm recorded in week 16 in tanks 1 and 3, respectively. There were no significant differences (P > 0.05) in the variations of electrical conductivity in the three tanks, but there were significant differences (P < 0.05) in weekly variations in the tanks. The overall mean of the electrical conductivity measurements in the three tanks was 259.64 μS/cm.
Total dissolved solids (TDS) varied between a minimum of 161 mg/L recorded in week 1 in all the tanks and a maximum of 188 mg/L recorded in week 16 in tanks 1 and 3, respectively. There were no significant differences (P > 0.05) in the variations of TDS in the three tanks, but there were significant differences (P < 0.05) in weekly variations in TDS among the tanks.
The highest dissolved oxygen concentration of 6.9 mg/ L was recorded in all the three tanks in week 16, while the lowest of 6.2 mg/L was recorded in week 1 also in all the tanks. There was no significant difference (P > 0.05) in the concentration of dissolved oxygen among the tanks and in the weeks. The overall mean of dissolved oxygen concentration in the tanks was 6.59 mg/L.
Ammonia varied between the lowest concentration of 0.10 mg/L found in tank 1 in week 1 and highest concentration of 0.22 mg/L recorded in week 16 also in tank 3. There was no significant difference (P > 0.05) in the concentration of ammonia among the tanks and in the weeks. The overall mean ammonia concentration in the tanks was 0.16 mg/L.
Discussion
The success of frog breeding either for food, economic value, or conservation reasons starts from adequate and acceptable feed and feeding of the tadpoles. Growth and development (metamorphosis) of tadpoles have been known to be influenced among other things by the quality and quantity of food available to them (Alvarez & Nicieza, 2002) . The growth performance, feed utilization parameters, survival, mortality, and rate of metamorphosis of the tadpoles in this research was linked to the proximal composition of the different feeds as well as the optimal water quality condition in the tanks in which the frogs were bred. The highest growth percentage recorded in tadpoles fed with duckweed was due to high percentage of crude protein, crude lipids, and total ash in the feed which were of high nutritive value to the tadpoles. Akasay (1994) had earlier reported that duckweed is a potential source of natural feed for frog breeding. The duckweed suits the herbivorous feeding of the tadpoles which converted the feed to high biomass as recorded in the final mean weight, weight gained, weight gained percentage, and SGR. The low FCR recorded for the feed was due to high digestibility of the feed which resulted in the highest weight gained among the three feeds. The highest PER was due to the high amount of protein in the feed which was readily absorbable by the tadpoles. Latsamy and Preston (2008) observed growth rates of tadpoles were higher when frogs were fed with duckweed. This is a result of the high intake of crude protein in the duckweed. According to Carmona-Osalde, Olvera-Novoa, Rodriguez-Serna, and Flores-Nava (1996), dietary protein content affects the growth rate of tadpoles and the metamorphic climax can only be achieved when the tadpole fulfills its nutritional requirements, permitting them to transform into a new and completely different animal. This probably explains the 100% metamorphosis rate recorded among the tadpoles. Likewise, the 90% survival and 10% mortality rates in this treatment group could be explained by the adequate and high nutritive composition of the duckweed. Pawpaw leaf was palatable to tadpoles of Hoplobatrachus occipitalis which they digested efficiently. This was due to their herbivorous feeding habit. The lower crude protein percentage in the pawpaw leaf as compared to duckweed was responsible for the significant differences (P < 0.05) in the final mean weight, weight gained, weight gained percentage, and SGR when compared with duckweed. Pawpaw leaf is however an excellent natural diet for tadpoles. Olaniyi and Salau (2013) had reported that inclusion of 20% pawpaw leaf in fish meal significantly improved the growth of African catfish Clarias gariepinus.
Although Coppens fish feed contained the highest crude protein among the three experimental diets, the final mean weight, mean weight gained, percentage weight gained, and SGR were significantly lower than those of duckweed and pawpaw leaf. This was due to the lower intake of the feed resulting in high FCR as compared to the other two diets. The lower growth performance could also be attributed to the ineffective absorbance and utilization of the protein in the feed on account of the long, coiled intestine and herbivorous feeding of the tadpoles. The size, pellet form, floating time, odor, and high crude protein content of the Coppens fish feed could also be factors responsible for the lower growth performance. Mansano, De Stéfani, Pereira, Nascimento, and Macente (2014) reported that bullfrog tadpoles under captivity showed a lower growth rate when fed with commercial diets, while Rodriquez-Serna, FloresNava, Olvera-Nova, and Carmona-Osalde (1996) observed that growth rates of frogs raised with pelleted feed were considerably less compared to natural feeds. Sretarugsa, Luangborisut, Kruatrachue, and Upathan (1997) explained that high dietary protein above 40% is counterproductive in tadpole larva growth and development, while Mandelli et al. (1985) showed that pelleted feed of 0.21 mm in diameter was most suitable for tadpole rearing. The slight low metamorphosis rate (98%), survival (85%), and high mortality (15%) rates though not significantly different (P < 0.05) from the duckweed and pawpaw leaf could be as a result of the inability of the tadpoles to utilize the feed completely which prevented them from storing enough energy as well as the contamination of the water when the feed deteriorate. The use of fish feed in frog breeding at the tadpole stage could be expensive and should only be used if there are no natural vegetative matter such as duckweed, pawpaw, and lettuce.
It should, however, be noted that proteins alone does not determine the growth performance of tadpoles under culture. Other nutrients such as lipids, carbohydrates, and micro and macro nutrients also contribute to the growth and larva development (metamorphosis) of the tadpoles. Thus, feed that will be used in culture of frogs from tadpole stage should contain these nutrients in the right proportion. Browne (2009) did a comprehensive review on the diet and nutrition of amphibians.
The water quality values recorded in this work were within the ranges considered to be optimal for the rearing of the tadpole of Hoplobatrachus occipitalis. For example, temperature ranges is between 24 and 28°C, with the average being 26°C. This temperature ranges has been reported by Mercante, Vaz-dos-Santos, Moraes, Pereira, and Lombardi (2014) as ideal for the growth of frog tadpoles in ponds. This temperature which is ideal should be maintained during culture especially in tropical climate since the growth of frogs is related to temperature (Flores-Nava, 2000) . The pH ranges is from slight acidity to slight alkalinity, with a range of 6.8 to 7.2 and an overall average of 6.9 (slight acidity). Castro and Pinto (2000) reported pH values around 7.33, towards the alkaline range, and Ferreira (2003) recommended mild acidity, while Sipaúba-Tavares, Morais, and De Stéfani (2008) suggested a pH range between 6.5 and 7.0 as ideal for frog culture. The electrical conductivity and total dissolved solids which were positively correlated were in the ranges optimal for Hoplobatrachus occipitalis production in tropical artificial conditions. Klaver, Peterson, and Patla (2013) reported that high conductivity water supports frog breeding. Borges, Amaral, and De Stéfani (2012) recommended a conductivity value of 249 μS/cm for bullfrog culture. Mean conductivity of 259.64 μS/cm and mean TDS of 173.94 mg/L will be the most ideal water quality values for the culture of tropical edible frog Hoplobatrachus occipitalis.
The range of ammonia recorded in the tanks was lower than that reported by Mercante et al. (2014) and Borges et al. (2014) , but was in the range recommended by Ferreira (2003) . Thus, a range of 0.1-0.25 mg/L of ammonia in tanks is an ideal water quality value for successful culture of Hoplobatrachus occipitalis.
Metamorphosizing tadpoles require enough dissolved oxygen which they extract from the water through their gills. It is therefore imperative that water for the breeding of frogs should contain high dissolved oxygen. Dissolved oxygen values recorded in this work could be described as optimal for the culture of edible tropical frog Hoplobatrachus occipitalis. These values were also similar to the values recorded by Hailey, Sookoo, Mohammed, and Khan (2006) and Borges et al. (2014) for the growth of frog tadpoles.
Duckweed has been shown to provide the highest growth performance, survival and metamorphosis rates, and very low mortality rate among the three experimental diets in Hoplobatrachus occipitalis tadpole culture. Fish feeds such as Coppens could be used for the breeding of the tadpole, but only if there are no vegetative matters around considering the fact tadpoles are herbivorous in their feeding habit. Also, when using fish feed, inclusion of plant materials and vitamin C in the feed will aid the utilization, absorbance, and digestibility of the feed.
Conclusions
Duckweed is a good artificial diet for the breeding of Hoplobatrachus occipitalis due to its high protein content, affordability, and acceptability by the species. The use of artificial diets in the culture of the species would not only save the species from further decline and total disappearance from water bodies but will also ensure that the species ethical values are preserved and its economic and nutritional values are not lost. Conservation of the species is desirable as it will preserve the genetic variability of the species and improve the eco-biodiversity of habitat where they are found.
With all the experimental diets proven to be very good for the tadpole's growth, researches should now focus on mixing the diets in order to see the performance of the mixed diets over each of the experimental diets.
For conservation purposes, wild collection of edible frogs for consumption should be discouraged. But, this might not be possible especially in developing countries of sub-Saharan Africa, due to the increasing cost of traditional sources of animal protein such as beef, chicken, and fish. To prevent the declining population and total extinction of edible frogs as well as increasing its production, captive breeding with the use of artificial diets will be desirable for the species. 
